In this work, a flowing material balance equation (FMBE) is established for undersaturated coalbed methane (CBM) reservoirs, which considers immobile free gas expansion effect at the dewatering stage. Based on the established FMBE, five straight-line methods are proposed to determine the control area, initial water reserve, initial free gas reserve, initial adsorbed gas reserve, original gas in place, as well as permeability at the same time. Subsequently, the proposed FMBE methods for undersaturated CBM reservoirs are validated against a reservoir simulation software with and without considering free gas expansion. Finally, the proposed methods are applied in a field case when considering free gas expansion effect. Validation cases show that the straight-line relationships for the proposed five FMBE methods are excellent, and good agreements are obtained among the actual reserves and permeabilities and those evaluated by the proposed five FMBE methods, indicating the proposed five FMBE methods are effective and rational for CBM reservoirs. Results show that a small amount of free gas will result in a great deviation in reserve evaluation; hence, the immobile free gas expansion effect should be considered when establishing the material balance equation of undersaturated CBM reservoirs at the dewatering stage.
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Introduction
Coalbed methane (CBM) is a green, clean, and environmentally friendly natural resource which can make up the energy shortage (Clarkson 2013; Liu and Harpalani 2013; Adeboye and Bustin 2013) . The CBM reservoir, as one of the unconventional gas reservoirs, has unique flow mechanism and production schedule (Aminian et al. 2004; Clarkson and Salmachi 2017; Jenkins and Boyer 2008) . CBM is produced through dewatering to make adsorbed gas desorb from the interface of coal matrix after the critical desorption pressure is achieved (Jenkins and Boyer 2008; Sun et al. 2017 Sun et al. , 2018a . Before gas production, only water can flow in the cleat system, even though in some cases there is a small amount of free gas; but since its saturation is less than the critical flowing saturation, gas cannot flow but will expand in volume.
Reserve evaluation is one of the important issues before and during the development of CBM reservoirs (Zhou and Guan 2016) . The volumetric method is often applied to estimate the original gas in place (OGIP) of a CBM reservoir before its development (Saulsberry et al. 1996; Zahner 1997) . Dynamic methods (King 1990 (King , 1993 Clarkson et al. 2007; Ahmed et al. 2006; Salmachi and Karacan 2017) are usually used to evaluate and prove the previous calculated OGIP of a CBM reservoir by using production data during its development. Because the control area of the coal formation is not easy to determine, the OGIP evaluated by the volumetric method is a low probability value and often considered as a reference, while the dynamic methods which use the production performances of CBM wells are more credible (Guzman et al. 2014 ). However, most dynamic methods, such as the material balance equation (MBE) method, are limited in use because it is impossible to shut in all CBM wells to measure the average pressure (Morad and Clarkson 2008) . Shi et al. (2018a) proposed a history matching method to generate the average pressure history with gas and water productions of the CBM wells, and then applied the proposed material balance equation for coalbed methane to estimate the OGIP on the basis of the generated average pressure history, the actual cumulative water and gas productions, as well as the CBM formation and fluid properties.
Permeability of the coal formation is a very important parameter for the effective production of CBM reservoirs (Clarkson et al. 2011; Yan et al. 2015; Sun et al. 2018b Sun et al. , 2018c . Currently, there are some methods for determining the permeability of the coal formation, such as core laboratory test (Gash 1991; Wang et al. 2011; Adeboye and Bustin 2013; Li et al. 2014) , well logging (Li et al. 2011; Fu et al. 2009; Karacan 2009 ), well testing (Al-Khalifa et al. 1989 Conway et al. 1995; Salmachi et al. 2019) , and production performance analysis (Clarkson et al. 2007; Yarmohammadtooski et al. 2017; Zhu et al. 2018) . Core laboratory test is time consuming, expensive, and limited in sampling: sometimes for the coal formation with a complex cleat system under high stress condition, the coal cores used in laboratory deviate from the actual situations from downhole to surface, resulting in a larger deviation of the measured permeability from the actual value (Yan et al. 2015) . Well logging is a very convenient method for determining the permeability of the coal formation, but the evaluated permeability is proven to be much lower than the actual value based on many field case studies. The reason is that the measured permeability by well logging is actually the permeability of the coal seam in the vicinity of the wellbore, basically within a small region with a radius of 1 m, which has been damaged by well drilling and completion. Thus, the permeability evaluated by well logging cannot represent the whole CBM reservoir. Well testing method is a more concise method for evaluating the permeability of the coal formation (Conway et al. 1995; Fu et al. 2009 ): with some amount of water injected into the CBM wells and then these wells shut in for a while, the permeability of the coal formation can be determined by using the decreasing history of the bottom-hole pressure. Because the pressure propagated area is large after shut-in for a while, the permeability evaluated by this method is more credible. Otherwise, the well is shut in after a period of gas production without injecting water, and the bottom-hole pressure is measured and used to interpret the permeability of the coal formation (Salmachi et al. 2019 ). However, the well testing method needs to inject water into the well or to shut in the well for a period; it is time consuming and affects the production schedule; more importantly, it is impossible to shut in all wells to test the permeability; so other methods are needed to be proposed. Fortunately, production performance analysis method (Clarkson et al. 2007; Yarmohammadtooski et al. 2017; Zhu et al. 2018; Shi et al. 2018b Shi et al. , 2019a can handle the aforementioned issues; it is not required to shut in the well and hence it does not affect the production schedule. The evaluated permeability is the average value within the control area of the CBM well, so it is more accurate and rational. Furthermore, only production performance data, such as the bottom-hole pressure history and water production history, are needed, which, however, are very easy to acquire. This method is simple, convenient, and should be broadly applied in CBM fields.
The reserve evaluation methods can only be used to estimate the OGIP, while the permeability evaluation methods can only be used to determine the permeability of the coal formation. There are two types of methods for evaluating both reserve and permeability simultaneously, which are the flowing material balance equation (FMBE) method and history matching in numerical simulation. The history matching method is complicated and time consuming, resulting in that its usage is limited in reality, while the FMBE method is a very good method for determining both reserve and permeability simultaneously using only the production performance data and the properties of the CBM formation and fluids. FMBE for gas reservoirs suitable for boundary-dominated flow period was first proposed by Mattar and McNeil (1995) . This method utilizes information obtained from production and bottom-hole flowing pressure to quantify the gas reserve, without having to shut-in the well. Hence, the FMBE has been widely used to determine the reservoir properties and reserves. Mattar et al. (2006) , Ibrahim and Wattenbarger (2006) , Clarkson (2008) , Clarkson et al. (2007 Clarkson et al. ( , 2008 Clarkson et al. ( , 2012 , Clarkson and Salmachi (2017) , Gerami et al. (2007) and Sun et al. (2018d) modified the FMBE of CBM reservoirs considering the matrix shrinkage, stress sensitivity, gas desorption, gas-water two phase, and pressure-saturation relationship. Clarkson et al. (2007) and Clarkson (2008) proposed a new FMBE method considering complex CBM reservoir behavior, such as dynamic permeability and two-phase flow, which can be used to determine the water reserve, gas reserve and permeability of the coal formation by the way of straight-line fitting. However, this method is primarily limited to analyzing single-layer reservoirs. Clarkson (2008) extended their previous work; the new FMBE can be applied to CBM wells producing with multi-layers. Clarkson et al. (2012) developed the FMBE method to twophase (gas and water) CBM reservoirs producing from vertically fractured and horizontal wells. In the next endeavor, Clarkson and Salmachi (2017) amended both gas and water phase version of the FMBE, accounting for absolute permeability (stress-dependent and desorption-dependent) and gas/ water relative permeability change. It should be noted that the effects of absolute permeability and relative permeability were first time incorporated into rate-transient analysis in their research. However, the free gas expansion is not considered in their models, resulting in the prospect that the control area of the CBM well is often overestimated and even reaches an unrealistic value for some CBM wells. Thus, a more realistic FMBE method considering free gas expansion effect should be established.
In all, the reserve and permeability evaluations of the coal formation are very important for the development and effective production of CBM reservoirs. As one of the unconventional gas reservoirs, the unique flow mechanism and production schedule of CBM reservoirs make the evaluation of reserve and permeability complicated. Many methods have been proposed in the literature to estimate the reserve and permeability separately. Evaluating these two important parameters simultaneously is challenging. The FMBE may be one effective approach to satisfy this acquisition. Few studies have considered the immobile free gas expansion effect on the reserve and permeability evaluations. However, the free gas expansion may make contribution to water production of CBM wells at the dewatering stage; it is necessary to consider this effect during reserve and permeability evaluations.
In this work, the MBE of an undersaturated CBM reservoir at the dewatering stage is derived, in which the immobile free gas expansion is considered in the total compressibility expression. Then, coupling the water productivity equation of the CBM well and the MBE for undersaturated CBM reservoirs at the dewatering stage before gas production, the FMBE for an undersaturated CBM reservoir considering immobile free gas expansion effect is established. On the basis of the proposed FMBE, five straight-line methods are proposed to determine the control area, initial water reserve, initial free gas reserve, initial adsorbed gas reserve, OGIP, as well as permeability at the same time. Subsequently, the proposed FMBE methods for undersaturated CBM reservoirs are validated against the reservoir simulation software with and without considering free gas expansion. Finally, the proposed FMBE is applied in a field case considering the free gas expansion effect.
Model establishment
In this section, the MBE for an undersaturated CBM reservoir at the early dewatering stage, the water productivity equation of a CBM well, and the FMBE for an undersaturated CBM reservoir at the early dewatering stage are established.
Assumptions
The MBE, water productivity equation, and FMBE of an undersaturated CBM reservoir are developed on the basis of the following assumptions.
1. Although there is a small amount of free gas, only water phase can flow in coal formation because the gas saturation is lower than the critical flowing gas saturation. 2. The well bottom-hole pressure is higher than the critical desorption pressure, i.e., the adsorbed gas does not start to desorb. 3. Single water phase flow lasts for a long time and the pressure has propagated to the boundary or the middle of multiple CBM wells, i.e., the pseudo-steady state has been achieved. 4. Pore compressibility c p , water compressibility c w , initial water saturation S wi , reservoir thickness h, and initial porosity φ i are assumed to be acquired through core tests or well logs before data fitting.
The MBE for an undersaturated CBM reservoir at the early dewatering stage
For an undersaturated CBM reservoir with some small amount of free gas, in case that the initial reservoir pressure is much higher than the critical desorption pressure, and the actual gas saturation is lower than the residual gas saturation, i.e., critical flowing gas saturation, there will be a long period of dewatering stage before gas production. The material balance equation is applicable after the pseudo-steady state is achieved, i.e., the pressure should have propagated to the outer boundary. The material balance equation for a CBM reservoir after desorption is more complicated , so in order to avoid the interferences of porosity change and water saturation change resulting from gas desorption on reserve and permeability evaluation, the material balance equation before gas desorption stage is analyzed in this study. During the establishment of the material balance equation, it is assumed that the pseudo-steady state should have been achieved and the bottom-hole pressure should be higher than the critical desorption pressure, i.e., gas desorption has not happened. According to the material balance principle, the residual fluid reserve is equal to the difference between the initial fluid reserve and the cumulative fluid production.
The initial pore volume (which includes the pore volumes occupied by gas, mobile water, and immobile water at the initial reservoir conditions) is equal to the volumes occupied by residual gas, residual mobile water, and immobile water at the current reservoir conditions, plus the pore shrinkage volume owing to the pore compressibility and the encroached water volume. In addition, the pore volume occupied by the irreducible water at the current reservoir conditions is actually equal to the pore volume occupied by immobile water at the initial reservoir conditions plus the expansion volume of immobile water. Thus, the following equation can be derived where ∆V p and ∆V wc can be derived using the definitions of pore compressibility and water compressibility, which can be expressed as 6) and (7) into Eq. (5) yields At the dewatering stage of undersaturated CBM reservoirs, before the gas production, G p is zero; hence, Eq. (8) can be changed to According to the definitions of water compressibility and gas compressibility, Because G p is zero at the early dewatering stage, Thus, the following two equations can be obtained:
where c g can be calculated using the Z factor plot versus pressure, which can be expressed as c g = 1∕p − (1∕Z)( Z∕p) , in which the average pressure at the time range for data fitting can be simply calculated by p = (p i +p wf )∕2. Substituting Eqs. (13) and (14) into Eq. (9) and organizing it gives For homogeneous undersaturated CBM reservoirs, if no free gas exists, before the bottom-hole pressure decreases below the critical desorption pressure, single water phase flow exists. The water is produced owing only to the pore and water expansion. If there is a small amount of free gas at the initial state in undersaturated CBM reservoirs and the initial gas saturation is less than the critical flowing gas saturation, this small amount of gas will expand with the water production at the early dewatering stage. In this case, the total compressibility will increase dramatically because of gas expansion, even though the initial gas saturation is very small. The total compressibility can be expressed as
The water productivity equation of a CBM well
Based on the Darcy flow equation, the relationship between the water production and the pressure gradient can be expressed as Integrating Eq. (17) from the wellbore to the reservoir and converting SI units to field units yield Organizing Eq. (18) gives According to fluid flow principle in porous media and oil and gas reservoir engineering (Li 2008; Cheng 2011) , one obtains
Considering the well completion pattern and skin factor, r w in Eq (19) is replaced by r wc . For a vertically fractured CBM well, r wc = (L f ∕ 2) ⋅ e −s (Shi et al. 2018b, c; Dejam et al. 2014 Dejam et al. , 2017 Dejam et al. , 2018a Dejam 2019; Zhang et al. 2018 ); for a damaged or stimulated vertical well, r wc = r w ⋅ e −s . If a well is damaged, the skin factor s will be a positive value, while if the well is stimulated, the skin factor s will be a negative value.
Thus, Eq. (19) will be changed to
The FMBE for an undersaturated CBM reservoir at the early dewatering stage
The FMBE of CBM reservoirs can be derived by coupling the MBE of CBM reservoirs with the productivity equation of a CBM well. The water productivity equation of a CBM well Eq. (21) can be rewritten into the following form:
Substituting Eqs. (15) into (22) yields If encroached water is not considered, i.e., W e is equal to 0, Eq. (23) can be written as:
Equations (23) and (24) will be the FMBEs for an undersaturated CBM reservoir at the early dewatering stage considering the immobile free gas expansion effect.
Five methods for evaluating reserve and permeability of undersaturated CBM reservoirs
In this section, five methods for evaluating reserve and permeability of undersaturated CBM reservoirs, considering free gas expansion, are developed on the basis of the proposed FMBE for an undersaturated CBM reservoir at the early dewatering stage.
Method 1
Organizing Eq. (24) yields Finally, the following equation is derived:
This equation can be rewritten as where In the plot of Y 1 versus X 1 , a straight line will be obtained and the slope and the y-intercept of the straight line will be determined.
Using pore compressibility, water compressibility, initial water saturation, the average gas compressibility, and the slope and y-intercept of the straight line, the control volume of this CBM reservoir can be determined as Thus, the control radius of this CBM well will be determined through substituting the values of formation thickness, the initial porosity, and the control volume evaluated by Eq. (32) into the following equation:
Using reservoir thickness, the water formation volume factor, the water viscosity, the y-intercept of the straight line and the control radius evaluated by Eq. (33), the cleat permeability of the coal formation can be evaluated to be
Method 2
Equation (24) can be organized to be the following form:
This equation can be rewritten as where In the plot of Y 2 versus X 2 , a straight line will be obtained and the slope and the y-intercept of the straight line will be determined. The control volume and control radius of the CBM reservoir can be determined by using Eqs. (40) and (33). And the cleat permeability of the coal formation can be evaluated by substituting the value of the control radius into Eq. (39).
Method 3
Equation (24) can be transformed as the following equation:
This equation can be rewritten as
where Similarly, in the plot of Y 3 versus X 3 , a straight line will be obtained and the slope and y-intercept of the straight line will be determined. Similar to the above methods, the control volume, control radius, and the cleat permeability of the CBM reservoir can be determined by using Eqs. (45), (33), and (46).
Method 4
Rearranging Eq. (23) 
Because the product of water production rate at the current state and the time step δt plus the cumulative water production at the last time step is equal to the cumulative water production at the current state, the following equation can be derived:
where δt is the time step, which is often set as 1 day because the dynamic performance data of CBM wells are daily data usually.
So, Eq. (50) can be expressed as Finally, the following equation is derived:
Similarly, in the plot of Y 4 versus X 4 , a straight line will be obtained. The slope and y-intercept of the straight line will be determined by fitting this straight line with linear relationship. Then the control volume, control radius, and the cleat permeability of the CBM reservoir can be determined by substituting the fitted slope and y-intercept of the straight line into Eqs. (58), (33), and (57), respectively.
Method 5
Equation (24) can be changed to Then integrating Eq. (59), we can get When the equations on both sides of the equal sign are simultaneously divided by the cumulative water production (W p ), the following expression can be obtained:
Equation (60) can be seen as a linear equation:
where It can be seen from the above derivation that we only need to obtain the thickness of the reservoir around the CBM well, the water formation volume factor, the water viscosity, the bottom-hole pressure during the dewatering period and the water production data, then the control pore volume of this CBM reservoir and the initial reservoir permeability can be easily extrapolated. The detailed data processing steps are as follows:
Substituting the cumulative water production data at different production times into Eq. (64), a set of data that changes over time can be obtained, which is recorded as X 5 .
Substituting the initial reservoir pressure, bottom-hole pressure, and the cumulative water production into Eq. (63), we can obtain another set of data Y 5 that varies with production time.
Depicting X 5 and Y 5 in a rectangular coordinate system and fitting the data with a linear trend line, a linear equation with the same expression as Eq. (62) can be obtained. The slope and y-intercept of the fitted trend line in the coordinate system are m 5 and b 5 in Eq. (62), respectively.
The control pore volume of this CBM reservoir can be calculated by substituting pore compressibility, water compressibility, initial water saturation, the average gas compressibility, and the slope of straight line m 5 into Eq. (65).
Thus, the control radius of this CBM well will be determined by substituting the formation thickness, the initial porosity, and the calculated control volume into Eq. (33).
The initial permeability around a CBM well can be calculated by substituting the reservoir thickness, the water formation volume factor, the water viscosity, the control radius of this CBM well, and the y-intercept of straight line b 5 into Eq. (66).
After the control volume and the permeability of this CBM reservoir are evaluated using the above five methods, the initial free gas reserve and the initial water reserve can be determined using Eqs. (6) and (7), respectively. Substituting the evaluated control volume, initial porosity, Langmuir volume, Langmuir pressure, and critical desorption pressure into Eq. (67), the initial adsorbed gas reserve can be determined. 
Validation
A CBM dynamic analysis software developed by Shi et al. (2018a Shi et al. ( , 2019b ) is used to verify the proposed FMBE methods. The CBM dynamic analysis software has been validated against commercial reservoir simulators, such as CMG and Eclipse, and shown to be effective and rational based on some field applications in the Hancheng CBM reservoir, Baode CBM reservoir, Muai CBM reservoir, Qimei CBM reservoir, Liulin CBM reservoir, etc. Thus, it is reasonable to apply this software to verify the proposed FMBE methods.
In this work, two case studies are conducted based on the formation and fluid properties as shown in Table 1 . The rest parameters for these two cases are the same except of the initial water saturation, critical flowing gas saturation, and relative permeability curves. One is for an undersaturated CBM reservoir without any free gas, i.e., the initial water saturation is 1; the other is for an undersaturated CBM reservoir with 0.05 of free gas in gas saturation. The dynamic analysis software is applied to generate the water and gas production histories by inputting the given bottom-hole pressure schedule and formation and fluid parameters. Then the Water and gas production rates generated from the dynamic analysis software produced at a given bottom-hole pressure schedule for Case I output water production rate and the input bottom-hole pressure are used to test the effectiveness of the proposed five FMBE methods. If the straight-line relationships between Y and X are good and the evaluated results including the control area, water reserve, free gas reserve, adsorbed gas reserve, OGIP, and permeability of the coal formation are coincident with the actual values used in the dynamic analysis software, the proposed FMBE methods will be proven to be effective, rational, and applicable for evaluating both reserve and permeability of undersaturated CBM reservoirs. The relative permeability curves used for Case I and Case II are shown in Fig. 1 . The CBM wells for these two cases are produced by controlling the bottom-hole pressure as shown black triangles in Figs. 2 and 3 . On the basis of the formation and fluid parameters in Table 1 and the given bottom-hole pressure schedules, water and gas production rates for Case I and Case II are generated from the dynamic analysis software, which are shown in Figs. 2 and 3 , respectively.
Using the water production rates before the gas desorption stage generated from the software, which are shown as blue circles before 500 days of production in Fig. 2b for Case I, blue circles before 400 days of production in Fig. 3b for Case II, and the given bottom-hole pressure schedules in Fig. 2b for Case I and Fig. 3b for Case II, the proposed five FMBE methods are applied to form the straight lines of Y versus X for these two cases. Then, the control radius of these two CBM wells, water reserve, OGIP, and permeability of the coal formation are evaluated from the slopes and y-intercepts of these straight lines on the basis of some given formation and fluid parameters except the control radius and the permeability for these two cases.
Figures 4 and 5 present the fitting plots by these five FMBE methods for Case I and Case II. Tables 2 and 3 show the fitting results from these five FMBE methods and the actual data for Case I and Case II, respectively. From Figs. 4 and 5, it can be clearly seen that the straight-line relationships for the proposed five FMBE methods are very excellent for these two cases. From the comparisons of results between the evaluated values and actual values, as shown in Table 2 for Case I and Table 3 for Case II, the evaluated reserves and permeability are nearly equal to the actual values for Case I, and within 1% in relative errors of reserve evaluations and 2% in relative errors of permeability evaluations for Case II, indicating that the proposed five FMBE methods are effective and rational even for CBM reservoirs with small amount of free gas.
For Case II, because there is a small amount of free gas, during the dewatering stage, the gas expansion effect cannot be ignored. Since by using the water production data and bottom-hole pressure from 40 and 262 days, the best fitting results for the straight-line relationship between Y and X are obtained, the bottom-hole pressure history between 40 and 262 days is used to calculate the average gas compressibility. For this case, the average value of the bottom-hole pressure from 40 to 262 days is 4.4641 MPa, the average reservoir pressure is calculated to be 4.8620 MPa, Z factor is 0.9293 at this average reservoir pressure, Z∕p is − 0.01271 from the plot of Z factor versus pressure as shown in Fig. 6 , and thus, the average gas compressibility is calculated to be 0.2194 MPa −1 .
If the initial water saturation is mistaken as 1 for Case II, using the bottom-hole pressure and water production data in Fig. 3b , the straight-line relationship in the plots of Y versus X is still good when using the proposed five FMBE methods, but the evaluated results including the control radius, water reserve, OGIP, and permeability largely deviate from . 6 The plot of Z factor of gas versus pressure for Case II and the field case. The gas specific gravity is 0.552, and the coal formation temperature is 32 °C the actual values, as shown in Table 4 . The evaluated control radius is larger than the actual control radius of this CBM well up to 40% of the actual value, the evaluated water reserves are more than two times the actual values, and the evaluated initial adsorbed gas reserve and OGIP are larger than the corresponding actual values up to 96% and 94%, respectively. In addition, the permeability is also overestimated. Therefore, the effect of gas expansion on the reserve and permeability evaluations using FMBE methods is very sensitive and important; so it cannot be ignored. Even though the amount of free gas is small, its expansion effect on water production rate is dramatic.
Field application
After validation of the proposed five FMBE methods, it is necessary to test their effectiveness in field application. One well in the Muai CBM reservoir is taken as an example; the formation and fluid properties are listed in Table 5 . The gas and water relative permeability curves are shown in Fig. 1b . The actual bottom-hole pressure history and the corresponding water and gas production rate histories are shown in Fig. 7 . From Fig. 7 , it can be clearly seen that before 300 days, the bottom-hole pressure is higher than the critical desorption pressure and there is no gas production. Thus, the bottom-hole pressure and water production rate data before 300 days are selected, and the proposed five FMBE methods Fig. 7 The actual bottom-hole pressure history and the corresponding water and gas production rate histories of the well in the Muai CBM reservoir Finally, the bottom-hole pressure and water production rate data from 30 days to 148 days are selected to make sure that pseudo-steady state has been achieved and avoided the influence of fracturing fluid flowback. Figure 8 presents the fitting plots by these five FMBE methods for this field case. From Fig. 8 , it can be seen that the straight-line relationship of methods 1, 2, 3, and 5 is very good, while the straight-line relationship of method 4 is not good; the reason is that the water production rate nearly remains constant during dewatering, as shown in Fig. 7 , resulting in X values close to 1. The average gas compressibility is calculated using the average reservoir pressure and Z factor plot versus pressure, where the average reservoir pressure is calculated using the initial reservoir pressure and the average value of bottom-hole pressure from 30 to 148 days. For this field case, the average value of the bottom-hole pressure from 30 to 148 days is 5.4175 MPa, the average reservoir pressure is calculated to be 5.9588 MPa, Z factor is 0.9159 at this average reservoir pressure, Z∕p is − 0.0119 from the plot of Z factor versus pressure which is shown in Fig. 6 ; thus, the average gas compressibility is calculated to be 0.1807 MPa −1 .
Then, on the basis of the formation and fluid parameters in Table 5 and calculated average gas compressibility, using the slope and y-intercept of these straight lines, the control radius of this CBM well, water reserve, initial adsorbed gas reserve, initial free gas reserve, OGIP, and the permeability of the coal formation are evaluated, which are shown in Table 6 . The fitting results from methods 1, 2, 3, and 5 are very close to each other, while the fitting results from method 4 is not good; so the evaluated results by method 4 is not used, but those evaluated by methods 1, 2, 3, and 5 are used as the final results. Thus, the control radius of this CBM well is about 120 m, the OGIP controlled by this CBM well is estimated to be about 540 × 10 4 m 3 , which is in accordance with OGIP evaluated by Shi's MBE method ). The permeability of the coal formation is evaluated to be about 0.22 mD, which agrees with the evaluated permeability for Muai research area by Shi's method using dewatering data (Shi et al. , 2019a ).
Discussion
(1) Free gas may exist in undersaturated CBM reservoirs Based on the current classification of CBM reservoirs, CBM reservoirs are classified as saturated and undersaturated according to the difference between the measured and theoretical gas contents (Zhao et al. 2014) . Although the measured total gas amount is less than the theoretical adsorption gas content estimated by the Langmuir equation at the initial reservoir pressure, few evidences indicate that all the measured gas amounts are in adsorbed state. In reality, the existence of free gas in undersaturated CBM reservoirs has already been proven through field applications (Sun et al. 2017 Shi et al. 2018a Shi et al. , 2019b , such as the Muai CBM reservoir in the Junlian production area in the southern Sichuan Basin, the initial water saturation is fitted to be less than 1 during the history matching process, demonstrating there is a small amount of free gas in this undersaturated CBM reservoir. Furthermore, some researchers have concluded that there exist tight sandstone gas layers with free gas from nearby coal seams although these coal seams are measured and classified as undersaturated CBM reservoirs (Li et al. 2018) , indicating that there must exist free gas in these undersaturated CBM reservoirs in the past and there may still exist some free gas at the current state.
The possible forming mechanism of such CBM reservoirs can be described as follows. When a saturated CBM reservoir (which contains excessive methane) subsides to a deeper formation because of tectonic movement, the pressure increases rapidly, but the methane generation is very gradual, resulting in that the actual adsorption gas amount is less than the expected adsorption gas amount after subsidence. In this case, the actual adsorption gas amount in this CBM reservoir is equal to the expected adsorption gas amount at the formation pressure before subsidence, and the free gas in this saturated CBM reservoir before subsidence cannot re-adsorb to the coal surface to become adsorption gas again because of water existence in coal formation; this CBM reservoir will be called undersaturated CBM reservoir with some free gas.
(2) The application condition and effectiveness of the proposed five FMBE methods
As mentioned above in the field case study, the FMBE method 4 is not applicable when the water production rate approximately remains constant, but it is effective for the case that the daily water production is continuously changing. Different from the method 4, the other four FMBE methods are constantly suitable no matter whether the water production rate is stable or not. The FMBE method 1 is more applicable for the case with relatively high water production rate. On the contrary, method 2 is more accurate for CBM wells with low water production rate. As for method 3, since it focuses more on the early dewatering stage, it has more accuracy than other methods for the case with large variation of water production at the late dewatering stage. The FMBE method 5 is the most stable method with almost the highest R 2 in fitting plot. It is worth noting that from derivation processes of these five methods, only in method 4 the water influx W e is not assumed to be 0, demonstrating that method 4 is still applicable for undersaturated CBM reservoirs with water influx. In other words, method 4 enjoys higher priority compared to the other four methods for the case without information about water influx. In field application, these five FMBE methods can be used together to evaluate the control area of the CBM well, the water reserve, the initial water reserve, the initial adsorbed gas reserve, the initial free gas reserve, OGIP, and the permeability of the coal formation. The most rational values can be determined from the final results via comparing and analyzing these fitting results evaluated by these five methods.
Summary and conclusions
1. On the basis of water productivity equation of a CBM well and the MBE for undersaturated CBM reservoirs at the dewatering stage, the FMBE is established for undersaturated CBM reservoirs, which considers immobile free gas expansion effect; then five straight-line methods are proposed to determine the control area, initial water reserve, initial free gas reserve, initial adsorbed gas reserve, OGIP, and permeability at the same time. Two validation cases with and without considering free gas expansion prove the effectiveness of the proposed five FMBE methods. 2. Only the bottom-hole pressure and water production rate data during the time range after the pseudo-steady state and before gas desorption are needed for evaluating the water and gas reserves controlled by the CBM well and the permeability of coal formation simultaneously using the proposed five FMBE methods. These five methods should be broadly applied in field cases. 3. The immobile free gas expansion should be considered in the total compressibility expression when establishing the MBE of undersaturated CBM reservoirs at the dewatering stage. A small amount of free gas will result in a large increase in the total compressibility. If the free gas expansion effect is ignored, the control area of the CBM well, water reserve and OGIP will be greatly overestimated.
